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ABSTRACT 


Self-maintaining laboratory -scale ecologica} systems completely ix>lated from exchanges of matter with external 
systems have now been demonstrated. Far from being mere curiosities, these new research took are expected to 
become unique resources for understanding: ( 1 ) global ecological material and energy balances, (2) the dynamics of 
stability and instability in ecosystems, (3) the effects of man-made substances and structures on ecosystems, and (4) the 
precise requirements for dynamic control of Controlled Ecology (human) Life Support Systems (CELSS). 

Very likely, a wide variety ot materially cbsed ecosystems is possible. The most urgent challenge now is to find 
non-invasive methods for accurately monitoring the thermodynamics, chemodynamics, and biodynamics of closed 
ecosystems and to perform the key experiments that will devebp a science ot cbsed ecology. 

This report is a summary of the Worksl.op on Closed System Ecology hsld at the Calibmia Institute of 
Technology on January 18-22, 1982; the Workshop was arranged by the Jet Propulsion Laboratory, and was q>on- 
sored by the National Aeronautics and Space Administration, 
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INTRODUCTION 


The term, "materially dosed ecosystem," frequently 
shortened to closed ecosystem (CES), is applied to 
biological systems that contain a variety of plant, 
animal, emd microbiological snecies which persist for 
long time periods (years) within and upon gas, liquid, 
and solid substrates even though they are isolated from 
exchanges of matter with other systems. Dnven 
primarily by photosynthetically active region (PAR) ra- 
diant energy, such systems appear to recycle the 
chemicals necessary for the maintenance of the life they 
contain. Only four types of materially closed 
eccjsystems are definitely known to have persisted for 
years so far: Those of Clair Folsome (University of 
Hawaii), Bassett Maguire, Ir. (University of Texas), Joe 
A Hanson (Jet Propulsion Laboratory), and the Earth 
itself. 



Until the independent results of Folsome, Hanson, 
and Maguire were recognized ciuite recently, persistent 
materially closed ecosystems were generally considered 
improbable at best But, with the recognition that a 
number of signihcantly different closed ecosystems had 
survived for years, the possibility of innovative research 
in closed system ecology demanded acknowledgment 
This acknowledgment was afforded by the Life 
Sciences Division of the National Aeronautics and 
Space Adminstration’s (NASA) Office of Space 
Sciences (OSS, now OSSA) when it sponsored an in- 
vitational workshop on Closed Ecosystem Research at 


the (Zlalifomia Institute of Technology, January 18-22, 
1982. Participants in the planning and conduct of this 
Workshop were: 
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Melvin M 

Complex Systems Research 


Avemer 

Center, University of 
New Hampshire 

Dr 

Daniel B 

Chairman, Environmental Studies, 


Botkin 

University of California at 
Santa Barbara 

Dr 

James H 
Bredt 

NASA/Life Sciences Division 

Dr 

Clair E 

Professor of Microbiology, 
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Dr 
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and Biochemistry, Yale University 

Dr 

Lawrence B 
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and Evolution, State University of 
New York 

Dr 
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Professor, School of Fishenes, 
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University of Washimton 

Dr 
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Environmental Studies. University 
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W0RI8H0P OBIECnVES 

The Woit^iop cm MateriaUy Ciosed Ecosystem 
Research had two basic objectives. 

M ) To aseees the vabe of materially closed 
ecosystems as resources tor basic and 
applied ecological science. 

(2) To recommend initial closed ecology research 
priorities. 

THE WORKSHOP PROCESS 

Both the plartning arvi conduct of the Workshop 
were cooperative. Two reviews oi the agenda were 
performed prior to the Workshop and through this pro- 
cess all participants provided inputs to the Woi^op's 
brm and substance. Tim final agenda is givoi below. 

lanuary 18 Descriptions of CES work using 
physical example by Folsome, 
Hanson, Maguire, and Taub, fol- 
lowed by d^ussion oi agervia 
details. 

lanuary 19 a.tn. Material Closure in Ecological 
Research, chaired by Basset 
Maguire, ]r 

p.m. Toward Defining Materially Cbsed 
Ecosystem Homeostasis, chaired by 
Clair Folsome 


!aauaiy 20 a.n. Theoretioal Basea for Cloead 

Ecosyt^ Reaearch, chirred by 
Harold Morowita. 

p.m. Defining Cioaad EcosystMn Monifori 
ing Problsma, cheered by loe 
Hanson. 

January 21 a.m. Technobgicai Optiottt for Monitor- 
ing Closed Ecosystems, chaired by 
loe Hanson. 


p.m. Recormnendations br Closed 
Ecosystem Research Priorities. 

lanuary 22 Review, Summary arxi Conclusbns, 
presented to James Bredt. 


Although each oi the participants did give inbrmal 
preseitations on work in progress, the mabrity of the 
time was spent in give-and-take examinations of the 
issues at hand. As this Workshop was the first time that 
independent CES experimentalists and theorists ImkI 
come together br intensive, organized examination of 
cbsed ecology research, the tevel of cross-brtilization 
was high, and a number of significant new insights 
emerged. Descnptions by JPL specialists of modem and 
devebpmental technologies having possibb applica- 
tions tor CES morutoriiig added brther substance, 


SUMMARY OF WORISHOP RESULTS 


THE VALUE OF CES RESEARCH 

With r^pect to the tirst objective ot the Workshop, 
the participants reached unanimous agreement that: 

U ) It may be much easier to achieve persistent 
matenally cbsed ecosystems than had been 
believed in the past 

(2) CES researv'h promises to become a significant 
resoun.'e tor the resolution ot global ecology 
probbms which have thus tar been expenmen 
tally inai'cessibb bei'ause 

ia) Clobal parameters* ot whote eixey stems 
oan be monitored under (.vmtrolled. 
replicable conditions 

ib' Boundary oonditions suoh as ctiemioal. 
biokxiical vUid p.hysical .starting values and 
pvTSt closure energy tluxes can lx> varttxi 
ex|.vnmentaily 


ic) Global energetics ot whole ecosystems can 
be measured and experimentally 
manipulated 

(3) For the reasons just cited, closed ecology 
research may very well prove an invaluabb 
resource tor predicting the probabb ecological 
consequences ot anthropogenic materials on 
regional ecosystems 

(4) CES research is an empirical resource tor 
vabdating and calibrating general and special 
mathematical models ot ecosystem structure 
dynamics and stability characteristics 

i51 CES research may become pivotal in d»«'over- 
uig the basic laws to which Controlled Ecology 
Lite Support Systems (CELSS) must contorm 
and in establishing the toundation tor a CELSS 
control theory 

* A "Qhlxil pommotvr " in this context, is one that is 
representative ot the entire system, i e , O ) or COo 


CLOSED ECOLOGY RESEARCH BSUES AND 
PRIORITIES 

These r^lts were divided by the participants into 
two categories; ( 1 ) key research issues, and (2) 
rMearch priorihee. 

Key Closed Ecology Research Issues 

• What are the parameters which constitute the best 
indicators of system state? For exampte, 

( 1 ) Index of bioksgical activity (energy storage and 
release rates) as measured by microcalorimetry 
or infrared emittance. 

(2) Index of stability as measured by temporal 
energetic, chemical, and biological patterns, 

(3) Species list persistej^e, direction of change, 
rate of change, etc, 

• If one materially closes any heretofore untested 
but logical assemblage of autotrophic and heterotrophic 
organisms, what is the probability that it will maintain 
itself? 

• What are the minimum gas, liquid, and solid 
volumes or masses per unit biomass that will permit 
CESs to persist? These values may be expected to vary 
significantly as functions of species lists, physical 
characteristics, chemical composition of the inorganic 
phases, and energetic environments of the systems, 

• What are the minimum sets of species required 
for viability of CESs; what are the ecological 
characteristics of the species which make up these sets, 
and are there cntical patterns of interaction among 
such species sets? 

• What are the experimental methods that will per- 
mit us to monitor the important biological, chemical, 
and physical parameters of CESs with adequate repeti- 
tion rates and without unacceptable violations of 
closure? 

• What are the earbest, most sensitive and most 
accurate indicators of impending instability in closed 
ecosystems^ 

Recommended Closed Ecology Research Priorities 

• Disseminate present knowkdqe concerning the 
protocols tor closing and maintaining closed ecosy 
terns and thereby encourage a large nunil'>er of inde- 
[,'iendent uwt^tigafors to attempt a wide variety of CESs 


and to report th^ results. Dr, Slobodkin voluntewed 
to initiate this action, 

• In conjunction with the above, established CES 
inve^ators shcxdd expand tlw variety of CESs 
employed in their work, 

• Eftoblish a cooperative program among 
established CES investigators for the development of 
non-invasive CES monttoring techniques and protocols 
for their empbym«it. This thrust must be accompanied 
by the establishment of a single highly qualified owitral 
facility dedicated to developing applications of 
advanced approaches such as ultrasensitive 
microcabrimetry. Mass Spectrometry-Electro-OptiGal 
Ion Detection (MS-EOID), Nuclear Magnetic Resonance 
(NMR), etc, 

• As the availability of monitoring m^ods per- 
mits, perform extensive studies on the mergetic and 
material fluxes within selected CESs, This should pro- 
ceed together with the development of the necessary 
methods. At present, it appears that O 2 , CC^, energy 
charge, and mbrooabrimetry measurements will be 
among the parameters of first choice. 

• Expand research into the behavior of represen- 
tative CESs as a function of varying such boundary 
conditions as initial gas, liquid, and solid volumes or 
masses per unit biomass, photosynthebcally active 
region (PAR) irradiation bvels and times, and degree 
of cbsure. 

• Initiate one or more mathematical modeling 
activities that will investigate the general dynanuc 
characteristics of CESs and that will employ closed 
ecology research in the usual theoretical/expenmental 
verification procedure 

• Initiate ongoing analytical efforts for the purpose 
of further speatying the unique contributions of closed 
ecology research to gbbal ecology, CELSS, the 
ecological consequences of human actions, and basic 
ecological research 


PERSPECTIVES OF INDIVIDUAL WORESHOP 
PARTICIPANTS 


Except for the organizer (Joe Hanson), each of the 
participants has provided short summaries of his or her 
individual observations on the Workshop process and 
on cbaed ecology research These are given here in 
alphabetical order. 
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Dr. Melvin Avemer, Complex Systems Research 
Center, University of New Hampshire 


'/ believe that the WoHcshop on dosed ecosystems 
to have been excellently conceived and very well run. 
The agenda covered those topics that were important 
to a thorough discussion of the issues critical for 
evaluating the pot mtial impact of closed ecosystem 
research, and the presentations were stimulating and 
informative. Of particular note was our interaction with 
the instrumentation specialists of JPL who introduced 
several novel (to me) approaches to the problem of 
non-invasive monitoring of dosed ecosystems. In short, 
1 believe that the Workshop accomplished its goals 
admirably. 

"With regard to my opinion of immediate priorities 
for a program of dosed ecosystem research, I think it 
comes down to a choice between investigating the use 
of microcalorimetry (or some other less promising 
methodology) to track and evduate some globd 
variable, or determining the behavior of selected 
system parameters such as atmo^heric and dissolved 
gas concentrations, dissolved nitrogen and phosphorus. 
pH, etc. The former is more speculative and it has yet 
to be proven to be practicd and productive in our 
systems; however, if functiond, it has great promise. 
The latter will readily yield vduable information of 
interest to most investigators and should lead to impor- 
tant insights into what is happening in our experimentd 
systems. 

"I think that, assuming limited resources, I would 
opt for the latter approach as one which has a greater 
probability of y.eiding initial important information. " 



Dr. Daniel Botkin (shown) and Dr. Mark Wilson, 
Environmental Studies, University of California at 
Santa Barbara 


The HASA Workshop on materidly dosed 
ecosystems was productive and stimulating. During the 
Workshop it became clear that microcosms can be a 
practicd tod for ecologicd research. Demonstrations 
by Hanson, Folsome, and Maguire showed that many 
materially closed microcosms exhibit surprising per- 
sistence, dthough little is known about which properties 
of these ecosystems permit persistence after closure. 

'Severd research topics were identified that can be 
effectively investigated by using materially closed 
ecosystems. Closure to chemicd energy exchange per- 
mits complete system energy budgeting; a necessary 
step in tracing and understanding ecosystem dynamics. 
The constraints of closure and the relative simplicity of 
microcosms may allow the construction d powerful 
dynamic models useful in tying biochemicd generalities 
into ecologicd theory. In addition, the relatively low 
cost of microcosms makes high replicaOvn levels prac- 
ticd; an unusud opportunity in ecologicd research. 

"We feel that support should be given to empiricd, 
experimentd, and theoraOcd research on materially 
closed microcosms, fiesearch goals shodd indude both 
the investigation d properties d microcosms and the 
development of microcosms as ecologicd took. Both 
approaches require increased collection of baseline 
data, theoreticd developments of the characteristics of 
microcosms, and experimentd investigations d the 
ecologicd mechanisms at work within materially closed 
systems. 

The number of closed microcosms now being 
studied is small. A broader data base is necessary for a 
fuller understanding of closed microcosms. Microcosms 
from a wide range d naturd ecosystems should be 
initiated, and should include different taxonomic and 
trophic structures, substrate types (e g., carbonate and 
non-carbonate sand), and biomass.atmosphere: 
watersdid ratios. Additiond synthetic microcosms 
should also be attempted Spocid monitoring tech- 
niques should continue to be devdoped, especially for 
the assessment of atmospheric constituents, for the 
measurement of energy flow and biomass, and for tax- 
onomic identifications. 

'Theory in closed microcosm research should pro- 
ceed on severd fronts. The constramts inherent in 
closure, including mass bdance, energy capture, and 
trophic efficiency, should be explored. Simulation 
models should be constructed to prod our ideas about 
how microcosms function. For example, at Santa 
Barbara we are developing a dynamic plankton simula- 
tion model, based on Taub's standard microcosm biota, 
in which the physidogicd attributes d feeding, 
reproduction and behavior dnve the ecosystem 
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Through models such as this one. general ecosystem 
characteristics of microcosms can be delineated and 
more persistent and resilient microcosms designed. 

"Theory and observations on existing microcosms 
will suggest experimental manipulation appropriate lor 
the study of the internal control processes of closed 
ecosystems Useful experiments would include remov- 
ing biomass from the microcosms at regular intervals as 
a simulation of harvesting, and subjecting microcosms 
to perturbation, such as high light or no light “ 


Dr. Clair Folsome, Exobiology Laboratory, 
University of Hawaii 

The recent Workshop on materially closed 
ecosystems was the most intellectually stimulating and 
profitable meeting Tve attended. Within the short span 
of a week there developed a surprising agreement that 
small materially closed ecosystems have the potenUal to 
serve as expenmental tools which effectively and 
perhaps uniquely car. answer with precision a variety 
of fundamental biological questions In particular, this 
approach seems to provide the only quantitative hnk 
between thermal physics and biology, and promises to 
be as useful a tool to the field of ecology as E. coli is 
to the field of molecular genetics I list below those ma- 
jor questions which can be approached using material- 
ly closed ecosystems 

"Global variables of an ecology can be quantified 
Pnmary producton and consumption can be measured 
with a precision, simplicity and speed unobtainable by 
any other means This implies that numbers dehning 
the "ahvenees" and the stability of many kinds of 
ecologies can be obtained Expenments affecting these 
vanates obviously can not be performed on the ter- 
restrial global level Such microecohgy expenments 
promise to yield relatively simple and temporally 
foreshortened information ft should be possible to test 
by direct expenment the effects of environmental per- 
turbations upon vanous materially closed ecologies and 
to obtam precise data upon pnmary production 
capabilities and stability 

Before this meeting, materially closed ecosystems 
we;« mamty considered a laboratory cunoaity, after- 



wards. 1 think all participants were convinced that these 
ecosystems represent a fundamentally new and most 
promising experimental tool. 

"To my way of thinking, our leading research 
priority now is to make experimental determinations ol 
primary production, consumption and apparent quan- 
tum efficiency for a variety of different (marine, fresh 
water, etc.) materially closed ecosystems. To date we 
have only made sufficient measurements to be assured 
that it is joossible to do so. Current data do show that 
closed ecosystems appear to have primary productivity 
and quanhim efficiencies similar to terrestrial values. To 
measure with precision and speed fundamental values 
of model ecologies would provide the foundations for a 
research tool of general applicability. This tool would 
link biology with thermal physics and would serve as 
an experimental vehicle tor future expenments which 
are impossible if limited to our terrestrial ecology. 

"Note that these measurements use standard 
laboratory methods (gas chromatography, calorimetry, 
isotope labeling) which have been successfully applied 
to materially closed ecosystems. It is known that these 
data can be obtained and it is only a matter of finding 
modest funding support to begin such a study of 
fundamentals. 

"Materially closed ecosystems offer an infinity of 
miniature worlds which can closely model or can 
depart from that one world which is our terrestrial 
ecology. As a direct consequence, the vanety of 
research topics which can be based upon the concept 
of materially closed systems is enormous and of poten- 
tial value to almost any field of science, pure and 
applied Knowledge of these key system parameters 
which define system aliveness', stability, productivity, 
and activity, is pivotal to all these apphcabons " 


"The closed ecosystem Workshop meeting held 
January 18-22, 1982, at JPL, was exceedmgly valuable 
from the standpoint of progress in the investigation of 
the ecology of closed ecosystems Most valuable of all 
was the interaction which occurred within the small 



Dr. Bassett Maguire, Ir., Department of Zoology, 
University of Texas, Austin 
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group mixture of experimentalists and Lheoretcians; the 
short but effective discussion of state of the art of 
chemical- and activity-level analysis was also helpful 
and stimulating. 

"In addition to the above, the opportunity for in- 
teraction between Fobome and Maguire, the only 
scientists currently making sim''ltaneous biological and 
chemical obaervations of closed ecosystems, was 
especially valuable. The similarity of some of the 
responses of their different systems suggests that similar 
ecological processes may be occurring in the rather 
dissimilar systems, those instances in which the 
response ivos different provide important suggestions 
concerning the effects of the different chemical and 
biolojical characteristics of the different systems These 
similarities and differences of response, especially when 
taken together, provide for considerable insight into the 
mechanisms which operate in the closed ecosystems 
and make possible a considerable improvement in the 
design of the next set of expenmental questions which 
need to be asked concerning their dynamics. 

"From the current expenmental work of Fobome. 
Hanson, and Maguire, it is clear that closed 
ecosystems, in which the biota is denved from the 
larger co-evolved communities of the world, not only 
can persist for considerable time, but abo have 
dynamics — the study of which is important to the 
development of ef . 'logical theory, to our better 
understanding of global ecology, and to the more prac- 
tical needs of NASA to develop CELSS It is becoming 
clear (and this was reinforced by the JPL meeting) that 
the use of closed ecosystems ns toob to study 
ecological dynamics provides for important and effec- 
tve approaches, some of which are not otherwise 
available, to some of the more difficult ecological 
problems 

The kinds of support which wiU be most valuable 
towards the increase of our understanding of the 
dynamics of closed ecosystems (and the development 
of understanding of the larger world) is an integrated 
mix of the following 

a Support of individual, well conceived research 
pro/ects on closed ecosystems which are both 
aquatic and terrestrial (initially separate, later 
together) 

b Support lor substantial interaction between 
those who are active expenmentahsts In some 
instances work trips to each other 's labs would 
be most valuable in providing for the best 
intepjction and for the best develcpment of 


cooperative and interlinked research projeeb 
(Maguire working in Fobome's hb for 2 to 3 
weeks, and vice-versa, tor example.) 

c. Support for a senes of work meet''gs of ex- 
penmentalists mixed with theoreticians (similar 
to the recent JPL meeting). 

d. Support for the use of already developed but 
state-of-the-art instrumentation which permib 
analysb of state or change within experimentally 
closed ecosystems (especKilly that which 
requires no broach of closure). 

e. Support for development of some kinds of 
instruments which appear to have special 
promise and importance in closed ecosystem 
analysis 

f. Support for continued development of the 
theory of closed ecosystems (and thereby of 
theory of the larger world of which they are 
modeb). 

"In some respects, most important of all with 
regard to support of closed system research (which a 
not yet recognized by the general scientific community 
and which is relatively long term in nature), is the need 
for continuity of funding for an integrated approach 
such has been briefly outlined above " 



Di. Harold Horowitz, Prolastor of Molecular 
Biophyiici and Biochamlitry, Yala Un;vanity 


'This meeting brought together for the first time 
expenmentahsts who hod achieved bng-tenn closed 
systems, theorists who studied the importance of closed 
system work in ecological theory, and instrumentation 
specKihsts who possess a w.de knowledge on non- 
destructive. non-invasive measunrtg technxjues The 
meeting was very valuable in establishing that the held 
of closed system ecology exats. that a. the expenmen- 
tal results make it dear that such systems can be 
achieved with relative ease We no longer need doubt 
the possibihty of a laboratoiy centered s','stem ecology. 
It IS rather a matter of deciding what expenments are to 
be done 
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’'From a theoreticaJ point of view chsed system 
eccwogy opens the way to certain gfobaJ vanahles - 
which characterize the system. Three seem most 
important: 

a. Total Energy. In a thermodynamic sense, 
energy in and out con be measured by 
radiometry and calorimetry so that com- 
plete energy bookkeeping is possible. 

b. Energy Charge. External Nf/R 
measurements can determine. A TF, ADP, 
AMP, and P, thus allowing determination 
of a variety of ratios of importance in 
ecologicd considemtions. 

c. Species Lists. By setting up replicate 
systems, a complete initial and final species 
list can be determined by destructive pro- 
cedures on some aliquots. 

"Closed system ecology really opens up a whole 
new field of biological research. It should be of great 
value in: 

a. Planning closed system space missions. 

b. Understanding open system ecology (in the 
same way that closed system thermo- 
dynamics Olds in the understanding of mo'e 
general systems). 

c. Partially closed agricultural systems 

"It should be stressed that the a a genuinely 
innovative qppnjoc/i to biology and it a therefore 
difficult to predict all the ramificabora in basic 
understanding. “ 



Dr. Lawrence Slobodkin, Department oi Ecology 
and Evolution. State Univeriity o< Kew York 


The striking importance of the recent PL 
Workshop on materially cloeed ecosystem research a 
that It provided a great deal of evidence that one of the 
basic assumptions of modern ecology may, in fact, 
simply be false Considering the evdence presented, 
one might well be /ustihed now in guessing that, instead 


of being impossible, the maintenance of complex 
communities in sealed glass containers may, in fact, be 
rather easy. So, now we're faced with a new challenge 
What is to be done about it? 


"First, 1 suggest that a much broader spectrum of 
tnab should be done. How many classee, genera, and 
species of ecohgxxil assembhges will maintain 
themselves under conditiora of material closure? 
Another critical quesbon has to do with final states. The 
evKfence we heard and saw suggested trends toward 
decreases in diversity and numbers of the eucaryotes 
and increases in procaryotes following closure. Will the 
final states of all material closure be dominated by blue- 
green algae or is there a wde spectrum of final states 
possible? Finally, the Workshop was effective in discJos- 
ing that there are numerous non-invasive ferhnohgies 
available or under development that may be valuable 
for monitoring the thermodynamics, chemodynamics. 
and biodynamics of materially dosed ecosystems 
These technologies must be explored and evaluated as 
a prerequisite to extensive closed ecosystem research. “ 





Dr. Frieda Taub. School oi Fiaberiet, University oi 
Washington 


The Materially Cloeed Ecosy stem Research ' 
meeting was certainly an eye-opener. Each of us 
thought that our own ability to sustain life in closed' 
systems was a unique success Together, we repre- 
sented four researchers, each of whom has numerous 
living systems in some stage of muhi-year closure 
Given our combined experience, it appears that many 
desigra will work, two of the systems were freshwater, 
two were marine Maguire's and Folsome's systems 
were denved from natural communities, mine were 
synthesized from laboratory reared organisms, and 
Hanson’s were a combination. Systems with absolute 
closure, such as Hanson's and Folsome's. answered the 
sX^ibcs who feel that success in less rigorously sealed 
systems, such as mine, must be due to leakage 
Folsome's and Hanson's systems allow sampling and an 
approach to complete c/osure 


The reduction in species diversity documented by 
Maguire a not unique to cloeed systems, and does not 
indxxite that they will eventually die out (in my 


7 


opinion). Spedee diveraity oi the algal community is 
nduced in my open microcosms during the 63<lay 
standard run. in sfdte ol weekly reinocuJationa. The 
reduction in sgoedes diversity seems to be reiated to 
nutiwt depidion and competition among the algae hr 
the recycled nutrients. In spite of the reduct'on in the 
number of algal ^>eciee in my cpesn systems, the algal 
community remains functional. The ability of my 
microcosms to support living Dof^io populations in 
sealed sy^ms hr over a year, even after the reduction 
in algal diversity, suggests that systems are not losing 
essentia! functional abilities if they simf^fy their tax- 
onomic diversity over time. Nutrient recycling and con- 
tinued photosynthesis mu^ be occurfng to provide a 
continuing source of hod and oxygen. Given that 
many ecosystem p/ooesses are carried on by 
microorganisms, and that none of us are measuring 
microbial taxonomy to the level of species of genotype, 
we really don't have any inhrmation on loss of diversi 
ty This should be a research topic, not or assumed 
fact. 

'The next immediate task should be o document 
these and similar studies so that the greater scieniihc 
community can be made cware thal materially dosed 
systems are possible. Of course, much of the problem 
is concerned with the Catch-22 that most of the work 
on materially dosed systems has rot been supported as 
research, and many of the studies are not ready hr full 
publication as mature research efforts. Without publico- 
tons, the work is not taken seriously enough to obtain 
research funding. Hopefully, those ol us who have 
early and moderately mature studies will have an 
opportunity to bring our studies to a higher level ol 
matunty and through to publicaton in widely 
distributed scienthc journals. With the publicaton of 
those researches, it would then be appropriate to open 
r^earch funding to the general scientific community 
with less of a risk of each new investgator reinventing 
all of our earlier studies, many of which have extended 
over 15 years. 


SUMMARY OF V 

Th^ sector contains abbreviated reviews oi each 
topic addressed by the workshop. Because oi tune con- 
straints, these summaries are bnei and, thereby, 
somewhat unjust to the individuals who discussed theu 
work, as weU as to the quality oi the intellectual 
collaboration that characterized every session They are 
oHered here in the tope that they will suihce until a 
more thorough account can be published Additional 
miormabon on research to date can be obtained 
through the bibliography 


'It will also be important to idwtfy important 
ecological problems that can bert be opprooc/ied by 
materially dosed ecological systems. In my opinhn, 
these systems are the most appropriate way to study: 

(1) the potenbo/ tkohgkxd ccmtrd d oxygen conc^tra- 
tion *n the atmosphere; (2) the potential biohdcal con- 
trol of nitrogen fixatxxi and denitrificotion; (3) microbial 
community deveJopmwt and evolution with and 
without the introduction of new genetic material; and 
(4) the minimal biological complexity (in terms of 
trophic levels, taxonomic complexity on each trophic 
level, and physiological and genotype complexity 
within each ^peciesj that can be self-sustaining through 
the continued production and recycling of carbon, 
nitrogen, etc. All of these biological subjects con be 
studied along with the measurement of the thermo- 
dynamics d steady-state systems. 

"My own past reseo/cA has tended to examine the 
minimd biologicd system that is capable d 
regenerative behavior. The publahed studies do not in- 
clude those closed to the atm<xphere, but I have un- 
pubtshed results on systems that included only an algo! 
culture and a bacterid cjlture suparated by a gas 
bridge. We also had an almost dosed system with one 
species each d an dga, protozoan, and bacterium, 
which remained biologically active for months. As part 
of that study. I found that even without the protozoa 
and bacteria, the akjd culturs (Chlamydomonas) re- 
mained photosyntheticdly active for several months. 

"It will also be important to develop instrumentation 
that will allow measurements to be token on materidly 
closed systems without destroying the material dosure 
The potentid of measuring the heat output has intri- 
guing possibilities. 

'The Workshop was an exciting beginning. 1 hope 
that it will serve as a moans to get materially dosed 
ecosystem research beyond the anecdotd stage and 
into making a red scientific contribution. " 


1K8HOP TOPICS 

MATERUU. CLOSURE Df ECOLOGICAL 
RESEARCH TO DATE 


Table I , condensed irom the hve reviews 
pre,:«nted early in the Workshop, attempts to illummate, 
on a singb page, past work and work in progress as it 
relates to the six major CES research issues specihod 
by tiie Workshop (see Key Closed Ecology Research 
Issues, above) 
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It is important to recx)gnize hare that the woi^c of 
Schwartdu^, et al., at NASA Ames Research Center, 
is designeci to study control characteristics in materially 
closed ecosystons ra^io- than p^eistoice under 
material closure. Similariy, the wodc of Taub, et al., at 
^ University of Wadiington has focused recaitly on 
the devebpment ot replicable controlled bioassay 
ecosy^^ns rather ti,an on matoial closure per se. 

TOWARD THEORETICAL FOUNDATIOIIS FOR 
CLOSED ECOLOGY RESEARCH 

The foUowing perspectives are offered as initial 
steps toward the evo^tual dev^pmoit of a coherent 
theoretical foundation for closed system ecology. 

Toward Defining Degrees of Closure in Erological 
Research (from adiabatic closure to chain-link 
fences) 

Harold Morowitz proposed and the group dis- 
cussed the foUowing hierarchy of closures: 

Adi<jbatic. The system would be cbsed to the 
flows of both aiergy and matter. At present, long-term 
adiabatic cbsuies of living systems appear 
uninteresting. Short-term removal of light from CESs, 
however, is useful as an experimental variabb (Kearns 
and Folsome, 1982). 

Material CJoatre. The system is, for aU practical 
purposes, cbsed to the flow of aU matter but is 
energeticaUy open. This degree of cbsure was the 
primary focus of the Workshop. 

Biological Closure with Chemical Buifering. 

The system is biologically and chemically closed except 
that it may be in contact with selected external 
chemical sources/sinks employed to maintain such 
parameters as oxygen, carbon dioxide, and pH within 
specified ranges of variability. 

Biological Closure. The system woub be 
bralogicaUy cbsed but open to uncontrolled chemical 
exchanges with the external universe. 

Selectively Biologically Open. Such a 
theorehcal system woub be chemically open but, from 
viruses to larger vertebrates, entry and exit of 
organisms woub be selective. 

It was recognized that the foregoing is as yet 
imprecise and very likely incomptete. In particular, the 
issue of non-selectve sampling (for example, 
microsampling of materially cbsed systems) is not yet 
accommodated adequately However, we believe that 


^ is a beginning toward a rigorous hierarchy of 
systwn cbsure toat will become uadul in e c olo gi cal 
research. 

Toward Defining the Closed System Ecology 
Phenomenon 

From matorial cbsure to s^ective btobgioal 
closure, autonomous and semi-auton<xnous ecoefftmts, 
may functbn for years, decades, or centuries if a vial:^ 
dynamic balance is estatdished. Sudi systems are 
characterized by immois^y complex feedback net- 
works. Terms such as “stak^ty," "steady state," aibl 
"homeo^asis" seon inadequate r^rmoes to tois 
ph^omenon, boto because toey im{:Jy sometoing less 
and because they have othw more or less rigorcxis 
meanings. Moreovor, not all cbsed ecosystens adiieve 
"stability," "steady state," or "homeo^a^." Oi tiie ocm- 
trary, in CES research, failure (or instability) 
phoiomoia will prove to be as intore^ing and impor- 
tant as thor alternatives. 

The Workshop was imsuccessful in its att^pts to 
coin and dehne a term for the CES phoion^non; 
however, it did contribute the following cAaervatfons: 

(1) Such a system theoretically can be character- 
ized by reduced state vectors such as: (1) 
^lecies list, (2) “niche places" (as a possibb 
alternative to species lists), (3) chembal cycling 
patterns, and (4) energetic patterns. 

(2) State vectors will contain endogoiously 
derived set points around which measured 
values will oscillate if the endogenous control 
network results in a persistent ecosystem. 

(3) Non-catastrophic CES perturbations will result 
in damped oscillations leading to a retu rn of 
state vectors to near the preperturbation set 
point mean values white more extreme pertur- 
bations will result in significant state vector set 
point mean value changes 

Toward a General Definition of Closed System 
Ecology 

The following okeervabons are offered in the belief 
that at least some of them will prove to be useful stu- 
ping stones toward a coherent definition of a science of 
cbsed system ecology. 

Materially Closed Ecosystem Macrostructure. 

Bounded physically by barriers which allow flows of 
PAR radiation and heat but are cbsed to matter. 
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materially cloMd ecxjiyttema are made ot gaaea, H- 
quids, and solids in atvd upon which function 
muhispecific bioloqloal ccanmunittas. 

Genera/ Bh§tructur». Experimental biobgical 
coRununities could theoretioally 1 m made up entirely of 
prooary<^. Ty^ally, howevw, they will be cc»nk»ita- 
tions of procaryotes arKl eiKMiyotes, aiKl even purdy 
euoaryotic systems may be concttvable. In all cases, 
howevttr, autotrophic emd hetwotro;^ functkms must 
be performed »ich that the cr^ical material cycling 
pathways are maintained at mutually complementary 
rates, ^wwiae state vectors will shift. 

Genera/ Chmmical Strueturm. The chemical 
oxutituaits of CESs may be expected to be similar in 
all critical aspects to the Earth's btos^^mre, although 
many CESs will be more simplified and th^ chemical 
ratios very likely will differ from Earth's. Essentially, all 
energy input will be through the chbrophyll ceiters, 
and most energy storage and transfer will be rhemicdl. 
Irreversible chemical reactions, if any. win proceed 
slowly; if not, established state vectors will not persist. 

Genera/ 7%ennoo/ynaauc Structun. Captured 
radiant eiergy in the photosynthetic waveloigths is 
reduced to chemical energy potential which is stored 
and oxidized with the concomitant release of thermal 
energy as well as bioactivity. The foregoing appears to 
be the key «iergetic pathway. Other energetics may 
become important tn the devebpment of experimental 
protocols. It IS expected that it eventually will be possi- 
bb to characterize, in juxtaposition, energetic, chemical 
and biological state vectors CESs permit, for the first 
time, falsifiable ecological energy balance experiments. 

Genera/ Mathmmatica] Structun. Given the very 
general, and in practice, in«)lubte expression: 

dNj 

- f(Ni. t, B) 

where the jth variables of some bounded system are 
some function of the ith variables, time and the boun- 
dary conditions, the fact of material closure may con 
strain the range of possible solutions to the point that a 
mathematical characterization of a CES could become- 
possible The following expression may be a begin, iing: 

I N. - N, 

where 

N| ■ total number ot atoms of the )th type, 

- fraction ot ith atoms in the ith com^iartment. 


Oty ■ ratio d akmfii ot intdaculat b oomparimfitii. 
vdikb beoaitfa of tocrfo qi oal ooratn^ti muit 
ahirays fafi within wanm known or knovral;^ 
ruige for each type of omiparimant (i.e., Red> 
fidd ratios), 

ther^re, 

Cijk < ^ < Aijk 

represents the constraint expression, with and Aijk 
as upper arb bwer bounds. 

Clottd EcotyaiomM os Anahga. It was be unani- 
mous judgment of the Workbop that a adr'ice of 
ebsed ecology is certain to result tii vabal:^ instgl^fB 
to the significant structure and thermodynamics, 
chwnodynambs, and biodynambs of: (I) the Earl's 
global ecology: (2) ecological subsystams of tlie gk^ 
ecosystem; and (3) Controlled Ecdbgy Ue SupHPort 
Systems. The gldsal ecosyst«rn is far too large and 
complex to study adequately with today's numitoring 
resources, and one can scaredy pedonn oontroUad, 
replicate experiments wih the biosphere: varying the 
boundary conditions as one goes. Moreover, there a 
no present or predicted method for studying empiri- 
cally the complex, globally important interactions 
between procaryotes and eucaryotes. Beyond that, 
what is and is not important to study rwnams a matter 
of ddiate, and the ddaate shows every promise of con- 
tinuing until a science of closed ecology can begin to 
narrow down the opAons. By experimvitally varying 
boundary conditions and understanding how different 
classes of CESs respond to internal arwl external pertur- 
bations, an empirically derived global mode) can be 
postulated. A modd such as this should constitute suffi- 
ci«it grounds to justify the devebpment of tools to 
monitor the model-predicted significant variable of 
Earth's gbbal ecology. 

With respect to ecobgied subsystems of the gbbd 
ecology, ecosystwns studied thus far have bewi 
whatever the investigators decide they shoub be; and 
this has been equally true of laboratory and field work. 
Microbial ecologists have examined dynamics in pro- 
caryotic communities eesoitially isolated from 
eucaryohe dynamics, Other laboratory ecologists, for 
the most part, have worked with eucaryotic com- 
munities either combined with undefined procaryotic 
communities or, sometimes, gnotobiotically In field 
work, as a matter ot practical necessity, the ecologist 
must select some very small number of parameters to 
monitor The science of ctosed ecology, here too. can 
illuminate the key parameters and. thereby, guide open 
ei’ology scientists in determining how ebsely the 
systems of interest to them mimic the dynamics of 
CESs If these similanties and differenced can be 


understood, it i^KHikl pave way toward under- 
standing ihe important boundary parameters of open 
ecosystems. 

NASA's Controltod Ecology Life-Su|HX»t Systems 
(CELSS) Program has as its goal the devebpnent of 
the knowledge and technology required to maintain 
humans in extraterrestrial habitats for long periods of 
time. Its underlying rationale is that, for missions of 
long duration or large numbers of people, reg«ierative 
techniques including biologically baaed processes will 
be more cost effective than either storage or resuf^ly 
of consumable life-support materiab. Although we do 
not yet know adequately what a CELSS is, we 
recognize that, with humaiis as the top heterotroi:^. it 
must perform all of the key functions of a CES. 
Thereby, a CELSS must somehow conform to essential- 
ly the same control laws. Thus, if we are able to 
discern the key feedback loops and stability 
characteristics of CESs, this knowledge must »jrely 
transfer directly to the design and control of CELSSs. 

THE PROBLEM OF MONITORING INTERNAL 
PARAMETERS OF MATERIAUY CLOSED 
ECOSYSTEMS 

Internal parameters of CES are divided here into 
four rather obvious categories: ( 1 ) physical; (2) 
chemical; ( 3 ) biological, and ( 4 ) cutting across the first 
three, repetition rates and data management. With 
respect to the first three, it must be recognized that 
measured values (i.e,, dissolved oxygen) may be 
representative of the entire system, or conversely, may 
only be representative of some subset. Clearly, the site 
within a system at which a measurement is taken fre- 
quently will determine whether it is a global or local 
value Moreover, a given parameter (i e , temperature) 
may be a boundary condition il its value is set by the 
expenmentor. Also, many chemical (i.e , N2/O2) and 
biological (l e , species list) parameters that are bound- 
ary conditions at closure may become post -closure 
experimental variables. 

When one recognizes the need to: ( 1 ) violate 
closure minimally, ( 2 ) avoid perturbing CESs 
energetically, ( 3 ) monitor a vanety of parameters, and 
(4) continue experiments for months or years, it 
becomes apparent that the monitoring problem is far 
from trivial Each at the tour ^larametnc categones is 
discussed bnetly here 

Physical Paramatars 

Recognizing that ('loseil tx'oloqy reseatx'h will vary 
such boundary (.vmditions as pre closure gas, liquid, 
and sobd volumes or masses, and shapes and composi 
tion ot containers etc , that prei'losure biomass will be 
vaned in its make up and relative pmfxirtions, that 


poit-cloaura tMiqjwatura will b* vartad; and dial poit- 
cloaura intMwity, qpadral cx»iqpodtkm, and pariodidty 
of input light will ba varied; what fdiyaioal expwiniantal 
variakdaa mud be measured? The baric answw is 
tm^rarature and preaeire. AddUtoually, it may beocHne 
very interesting to know infrared md sfKxrler 
wavelmgth spectral emissions d acme CESs undw 
both illumination «uxi dark conditions. 

Chemical Parameters 

The chmiical paramders of interast to closed 
ecology that were listed by the woikriiqp participants 
are: 

• O2 • 

• CO2 • 

• CH4 • 

• N2 • 

• NOx 

• pH 

• H2S • 

• SOx • 

• NH3 • 

Biological Parameters 

The biological parameters which appear to be of 
most interest are: 

• Species Lists 

Eucai7otic 

Procaryotic 

• Total Biomass 

Dead 

Living 

Procaryote/eucaryote rahos (both mass and 
ceD count ratios) 

Dominant autotrophs 

Dominant heterotrophs 

• Reproductive States (when observable) 

Repetition Rates and Data Management 

At this juncture, we have yet to verily what 
physical, chemical, and biological parameters will be 
key in determining the important reduced-state vectors 
of CESs, let alone to understand the minimum repeti- 
tion rates for data -taking that will be acceptable Conse- 
quently, ernng on the side ot too much data is clearly 
advisable in the early stages Therefore, tor purposes ot 
making a rough estimate of the magnitude of the 
paiblem, let us say that we wish to measure 12 piaram- 


Argon 

Volatife organics 
Dissolved organics 
Redox state d 
mdals 

(Mn, Mg, Md) 
ATP/GTP/ADP/AMD 
Chforophyll 
Exited chbrophyll 
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•tera, 12 tlmM/day, ov«r 120 rapUoates, fcu' 1 /mt. 
The product is 6,:k)7,200 data points for this single 
hyp^hetioal eiqjeriment. AHadibtg whidMV«' d the 
foregoing assumptkm one wishes, it will ^ be difhcuk 
to reduc» foe product bdow several hundred 
thousand. 

During the early expbrafory phases of CES 
research, when a small number of replicates may be 
acceptabk', tlra number of measurements per unit time 
may be small enough to handle manually. However, as 
dosed ecology research becomes more rigorous and 
one's results mud have high statistical confidttice, 
automated measurnnents, front-«Ki data reduction, 
and sophisticated automatic data indexing and retrieval 
must come into play. It sc 'ms worthy of m«iik>n that 
foe electron s data systems and technologic that will 
be evolved for GES experiments are very likely 
themselves to provide drect analogs for CELSS- 
monitoring subsystems, evoitual global-monitoring 
systems, and eventual sydems for monitoring the health 
of regional ecosystems. 

TECHNOLOGIES FOR 31 ONITORINQ CLOSED 
ECOSYSTEMS 

As is ti^e of much of this short report, there is 
insufficient space to afford any of the potential monitor- 
ing approaches more than superficial treatment. Here 
we attofnpt only to suggest what is and is not known 
thus far about each recognized approach with r^aect 
to what parameters it can measure, its swisitivity, its 
long term reliability, the degree to which it is likely to 
perturb the CES it measure, and its cost and com- 
patibility with automation fEDP). 

Macroacopic Observations 

For the CESs studied thus far, unmagrufied visual 
observations provide an integrated global index of the 
health and relative eucaryote living and dead biomass 
concentrations of the systems For the parameters they 
measure, macroscopic observations are comparatively 
insensitive, and as reliable over the long term as is the 
objectivity of the observer; they usually perturb the 
CES not at all unless they are made during dark hours, 
they are moderately expensive in man hours, and they 
are incompatible with EDP unless a human interface is 
provided. 

Microscopic Obeervations 

Except for Maguire’s work, the only mrrosi'opic 
observations made thus far have involved microsam 
pling of ongoing systems, preciosure analysis of biota 
to be included, or destructive analysis We are oonfi 
dent that non intrusive designs tor visual mK’tx^Si'opk' 


monilorfog d livirtg lyalami oui ba dtvafopad, but law 
hava y^ baan Mad. Adaquata viMal mi cr oaco py 
droukl {npvida a graat daal d infonnaOon on maMM 
and qaadaa of prooaryc^ and micioacopic ayoaryotfo 
oommunitiM. Its sandtivity for thaaa parwnatars iwiy ba 
guita high if aooaptabla vital stainfog mafoodt can ba 
avolvad. Baoausa of poasft^a bk^ouling, its kmg-tHm 
rriiabity may ba a daaign r»oblMii and, baoausa ti 
may create a physfoal nkfoa nc^ f»aaant in systems n^ 
so monitored, fo pwturbation ^cts require study. 
Primarily, because of man-hour requlraments, it be 
ralattvety expmsive and, barring v«ry sophisticatad 
image processing tedinology, it muri be intwfaced wifo 
EDP through a human bwg. 

Immobilised Chemical Indicators 

Some comi^x polymers such as Du Font's 
"Nation" can act ea inunobliution sub^tes for 
chmnical indicators. 11108, it may be poa^b to 
calibrate imbeckfod color re^xirvses of chmnical in- 
dicators and then imbed thmn in CESa auefo foat 
changes can be measured photometrically. Presumafoly, 
a variety of organic and inorganic chwnical parameters 
could be measured but the theoretical qsecitics have 
not yet been cataloged. The degree of smiativity of the 
approach remains to be investigated and certainly will 
vary by parameter. Biofouling and domical activity 
may affect its bng-term reliability, and these two factors 
would be related to its perturbation effects. Cost and 
EDP compatibility are subjects to be addressed if this 
approach is found to be technically feasible. 

Ion-Sensing Electrodes 

In general, state-of-the-art etectrode probes require 
frequent cleaning and rec^libration CES rroearch 
requires probes foat can be left in place tor months or 
years and monitored automatically So far, the only 
(seemingly) attractive probes found measure only O2. 

It fong-term in-a/u reliability could be achieved, foe 
probe approach could be very attractive tor a variety 
of inorganic measurements because it would be 
relatively inexpensive and highly EDP-compatible. One 
likely probtem is that probes necessarily use up the 
chemR'al they measure and, thus, might involve some 
system perturbation 

MicrossmpUng 

Triple septum sampling ports suitable for employ- 
ment in cfosed ecology research are commerciaUy 
available and have been used suix'essfully This 
approach permits both global and local s,\mpling, and 
permits highly sensitive and detailed biological, 
b.omolet'ular, and chemical analyses as long as the 
analyses are performed immediately after sampling If 
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th« CES k r^alad to acomunodate micraHinpteg. 
syttrnn perturbationa so introduced should be Intignih- 
cant Lmg-tenn ratability dwuld be exoaUent and ^ 
cost kx sampling per ae dx)ukl be modwato. 'Hw nan- 
sttlvity, coat, and EDP<XHnpatibility would depend on 
the analysis approach used on the mlcroeamplee. 

Qas Cbxoasatogxaphy, Msm ^peotnuMtiy ^olro* 
Opttoal loa Detoottmi (QCIIS*10n)) 

Oigoing work at ^ let Propulsion L^>oratory is 
devriof^ uhra-sandtivity instrumentation which may 
prove valuakte in an^zing CES mtcroaamfdae. The 
analysis d a CES ttfmosphere can be aooonqsiidwd by 
direct injection a smaU alictuot, say 100 microliters, 
in a GCMS/EOID system. GC and GCMS procedures 
for the arialysis of gasae and vapors are now routing 
perfoimed. The MS/EOID now extends such pro- 
cedures to ^ pico and even to femtogram levels. 
Gases in soJutkm as wdl as volatile organics in the 
aqueous matrix can be analyeed by ^ w^ known 
headspace technique or die purge-and-trap approach, 
both using GCM^EOID. Invdatile organics such as 
amino acids, small peptides, oarbohydrates, lipids, and 
odiOT nutrients or metabolites can be sequ«itially ex- 
tracted, derivatixed, and analyzed by GCMS/EOID. In- 
volatile, non-axtractabb organics and biologicals such 
as fdper, ceil debris, and others can be analyzed by 
pyrotysis-GCMS/EOID. 

The kmg-term reliability oi this technique (versus 
the number of samples required for each measurem«it) 
is yet to be calibrated. Since the in^ments involved 
are still devebpnwntal, the cost per measurement is 
likely to be high until a single combined production 
instrum«it can be dedicated to a dosed ecdogy 
laboratory, making many measurements over tens ot 
years. Since outputs are relatively easy to digitize, EDP 
compatibility should be quite good. 

Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) appears 
attractive tor monitoring pH and, in tact, precise 
knowledge of pH is required lor many other NMR 
measurements because numerous organic compounds 
have NMR lines that shift with pH. Some other com- 
pounds tor which NMR heis been demonstrated are 


ATP, ADP. and bKagmic pho«liMa. Buck 
maasurementi are d paihcdar kitmit to d oaad Britain 
aoology Nnoe tttay art non-invMtv* and infioaHva ot 
^ "maigy diaarga* ci a C^. NMR Mndtivtty hi hvtng 
remahia to ba hivaibgiiad, as doaa Ma coat long- 
term rdiabdity, type and dagraa d CES partuibattcm 
and EDP ocmpatakdltty. It appears hiat Wi4R o«i ba 
arrayed in a non-tnimdva n»da and. baoMna it it 
routing an^yad on living ttasue wtiiout iM aHadi. ht 
pro^Mcts for «igibym«it in doMd eoob g ioal seteua 
serni good. 

MioiooatoilBatry 

Microoaloilmetry oan provide an integrated htdex 
oi biological activhy for CESs. The hitegrated halero- 
trc^ihic metabolic rates d CESs under dai^ OMidtttott 
should closdy approximate the same ratas undar light 
and, if the system is aMumed to be balanced, hie 
integrated hderotrcphic metabdi«n rates diould be 
balanced by the integrated photosyntbetic rates during 
lighted p«1ods. 

Alternatively, it may be possible to kuiki 
microoabilmdry devices in which a small dtemeter, 
measured light beam entwing an dh«wise closed 
Dewar could be focused to cow a Dewaiyxntamed 
CES; hius firoviding oabrimetric data during plxitosyn- 
thetic activity. 

Initial inquiries aiggest that th«e are Ukdy to be 
no commorcial cabrimeters hiat will meet closed 
ecology research needs. Howevw, it appears likdy at 
this jutKtire that they can be devdoped with availakte 
technology. However, thdr sensitivity, long-term 
rebability, perturbation impacts on CESs, and costs 
remain as topics for study. Compatabllity with EDP, on 
the other hand, should be quite good. 

Other Approaches 

The Woricdiop touched upon otlrar possible ap- 
proaches to CES monitoring such as Raman spec- 
troacepy, laser-induced IR reflectance apectroacc^y, 
electron spin resonance, etc. Further hworetioal in- 
vestigations of these advanced technofogies would be 
advisable. 
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